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An effective theory for jet proPagation in matter SCET. A tool to
improve upon the the energy loss approach. Medium induced
splitting kernels

Connecting the energy loss and the QCD evolution approaches.
lllustration at RHIC. LHC phenomenology and predictions

Evolution and resummation for jet substructure observables and
jet shapes. NLL results in p+p collisions

Quenching of reconstructed jets, modification of the differential
jet shapes beyond the energy loss approach

Photon-tagged jets, momentum imbalance, and photon tagged
jet shapes

Other new topics in perturbative jet quenching theory



|. Background and
theoretical preliminaries

“WHAT I WE SPEAID ALL THESE SILLIONS AND
TERE DUST ARERNT ANY MORE PARTIUES To EaD 7




Logs, Legs, and Loops

CMS Preliminary

Final-state parton shower

S. Chatrchyan et al. PLB (2013) Initial-state radiation

= Traditional energy loss approach, phenomenologically successful but
cannot be systematically improved, higher orders and resummation

= |n HEP significant effort has been devoted to understanding the parton
shower. We demonstrate how this parton shower technology can be
applied to heavy ion reactions, NLO, NLL, etc

= The same techniques should be applied to hard probes: particles, jets,
and heavy flavor



The big picture

= Jet physics presents a multiscale problem, EFT treatment

SCET (Soft Collinear Effective Theory) C. Bauer et al. (2001)
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= Factorization theorems written in terms of Jet (J), beam (B), and soft (S) functions



Soft collinear effective theory with

Glauber Gluons - SCET .

» Jet (and heavy flavor production) production in the medium
remains a multi-scale problem

[

Z- Glauber gluons to mediate physical A. Idilbi et al. (2008)
" P interactions with the QCD medium

q1.21 q= ()\27 >\2, )\)Q Ovanesyan et al. (2011)
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» Background field approach. Factorization, with modified J, B, S.
Feynman rules derived for different sources and gauges
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» Also operator approach with focus on small-x physics

Effective potential,

S. Fleming, (2014) |. Rothstein et al, (2016) e.g. Gyulassy-Wang



In-medium parton splittings,

properties, and DGLAP evolution
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1w ® Soft gluon emission —the only well

* |Implementedin DGLAP : defined energy loss limit

evolution equations . Spin flip
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QCD evolution in the soft gluon

energy loss limit
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= |faconnection is to be found between the energy loss and the evolution
approach, it is in the soft gluon limit

= We solve the DGLAP evolution equations analytically
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= The main result: direct relation between the evolution and energy loss
approaches first established here



Comparison of energy loss and QCD

evolution approaches

= The in-medium QCD evolution approach works over a wide variety
of energies. This is, of course, expected because we have an
analytic proof of the relation between QCD evolution and energy

loss

® PHENIX z°, 0-10%
— Full evolution numerics, g=2.3
— - Soft gluon energy loss, g=2.3
Soft gluon analytic evolution, g=2.3
Soft gluon evolution numerics, g=2.3

No CNM
effects

Central Au+Au, s1/2=200 GeV
1 ! 1
5 10
p; [GeV]

Z.Kangetal. (2014)

20

4 calculations
compared

Eliminates the
uncertainty associated
with the application of
the e-loss.

Uncertainty from jet
quenching method -
constrains Ag/g=5%

Validates more than a
decade of hadron
suppression
phenomenology



Il. Phenomenology of light
hadrons at LHC

“I think you should be more explicit here in
step two.”




Comment on cold nuclear matter

effects

Multiple nuclear effects play a role in the modification of the
transverse momentum distributions even in p+A
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While there are uncertainties in their magnitude, it is important to include a
range of CNM effects in the theoretical calculations



Example of jet production in p+A

collisions at RHIC and LHC
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Z.Kang et al . PRC (2015)
pr % cosh(y) o< x4 Vs

Different explanations/fits to data

With CNM energy loss we understand
the scaling, the central collisions, and
are not incompatible with min bias
(small effect)



Results at the LHC 2.76 TeV

= Good description of the p; dependence of inclusive charged particle
quenching to 5o GeV. The theoretical approach is based on medium

evolution with SCET kernels. YT.Chien etal. (2015)
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= We observe some discrepancy in the p; trend of neutral pion suppression
(magnitude appears well described). Important to check to higher p; at
higher CM energies at LHC run Il



Results at higher p; and for

different centralities

= The theoretical model appears to capture well the p; and
centrality dependence of inclusive hadron suppression
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= At high pT, calculations that include small nuclear matter energy



Predictions for the LHC 5.2 TeV run
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200

QCD effects run
logarithmically with energy

We account for < 10%
increase in the medium
density, CNM effect,
fraction of quark vs gluon
jets

We find results very similar
to the 2.76 TeV run, within
10% of the known R,

At the highest transverse
momenta there is
sensitivity to CNM
especially CNM energy loss

Prediction available for charges hadrons or neutral pions in the manuscript.

(Or send us an email)



1. Jet production in HIC
and jet substructure




Applications of SCET_ to jet shapes

and jet cross sections

» Jet cross sections reflect
the total amount of energy
retained in the jet cone

10—

Collisional
E-loss
R 05
CoII|S|onaI
00 . Leading particles
20
cone : .
Radiative 2
E-loss

|.V. et al. (2008)

Jet shapes reflect the
energy density inside the jet
and the structure of the
parton shower




Generalizing the concept of energy

loss to jets

k= +‘angx1—x i
.| R, ~0(1) contains pi tan g (1 — ) = In contrast to hadron production, the
0 jet definition allows to generalize the

the full shower z, ky
concept of energy loss beyond the soft
gluon approximation
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Fractional energy loss outside of the jet beyond the soft gluon approximation



Suppression of reconstructed jets

at the LHC, Pb+Pb at 2.76 TeV
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» Cold nuclear matter effects contribute toward the inclusive jet
suppression at very high p;. Approximately ¥ of the effect

= Describes well the centrality dependence of the inclusive jet
suppression

= Thereis somepr dependence remaining to R, ,. Important to
investigate soft function effects, collisional energy loss



Jet radius and rapidity dependence

of inclusive jet suppression
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» The radius dependence of inclusive jet quenching versus py and R
captured. For small radii the calculation over predicts the differences

» Rapidity dependence is consistent with 1. The trend is captured by

the theoretical calculation

l.V. et al. (2008)



Suppression of reconstructed jets

s RHIC offer increased sensitivity

1'50_ o PHEN.x,toI il -_' RLo.;;.fRio.;' R to QGP transport properties and
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= sl energy loss approach
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calculation using SCET parton =
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emission limit =
= RHIC preliminary results are e e e s
available. See talk by Arbin b, (GeVi)

A.Timilsina, private communication (2015)



NLL calculation of jet shapes

= The jet shape is defined by the
ratio of two jet energy functions

20.0 [+

10.0 NLL cone
501 . NLL anti-k

LO
20r

l//(,,-) 1.0+ .
0.5+

arXiv:1405.4293

0.2+ S

o1l e CMSdataR=0.3

=  We derived the algorithm
dependence of the jet shapes
(anti)k; vs cone

= Significant improvement over fixed
order calculation

Yo _ Ik _ Jo W)
(ER)w  J5R(u)/Ju(p)  J5=(u)

= Toresum the jet shapeto NLL
accuracy we use SCET RG
evolution techniques
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Y.-T. Chien et al. (2014)



ki

Medium-modified jet shapes at NLL

ki = p§tant 2(1 - 2)
= pg tan 61:(;

= One can evaluate the jet energy
_ pttan®2(1— z) functions from the splitting functions
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» First quantitative pQCD/SCET description of jet shapes in HI



y-tagged jet momentum imbalance

Photon tagging (isolated
photons) does not induce bias
The momentum imbalance shift
can be related on average to
fractional energy loss

The inverse Compton scattering
process selects quark jets
(smaller quenching, imbalance)
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Predictions for the 5.2 TeV Pb+Pb

run at the LHC

. .-  __ [w=== photon+jet, 30-50% |
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IV. New topics In
perturbative jet theory




Jet fragmentation functions at LHC

PR Ca— o = Afactorized expression can be written
= 10T o ATLAS R=0.4 yl < 1.6 " in SCET, analogously to jet shapes
107 M REeReEh=2 = Very good comparison to data for z
i not too small and light hadrons. Both
F MC and pQCD /SCET fail for heavy
i flavor
107} = Preliminary results in A+A reactions
oo b qualitatively consistent with data.
= Large uncertainties associated with
10°
i <oft 560y the FFs
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B-jet suppression

CMS /s
12 e : |\ NN

0-100% <2

=276 ey Include cold nuclear matter effects

At high p; the suppression of b-jets is
very very similar to that of light jets
(but subtle to evaluate)

At p; < 50 GeV the difference is due to
the mass effect

This is the region to look at with LHC
run Il and sSPHENIX
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Jet mass distributions

Jet mass distribution, example of accuracy of SCET
resummation NNNLL accuracy

1 (12473
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Wee talk by Y.T Chien about precision P

theory of jet mass distributions Y.T Chien et al. (2010)



Conclusions

= An effective theory of jet propagation in matter SCET . was constructed (collinear
sector). All medium-induced parton splittings derived, factorization and gauge
invariance proven

= The connection between the traditional energy loss phenomenology and the QCD
evolution/parton shower approach to jet quenching now established. Very good
description of inclusive hadron suppression obtaineéd, predictions for the 5.1 TeV run
given

= The differences in jet quenching between 2.76 TeV and 5.1 TeV is small. What the
LHC Pb+Pb run Il allows is bettér statistics, higher p; and new channels

= First SCET calculation of jet shapes performed to NLL accuracy. Improved
predictions for p+p collisions. More work needed to understand heavy flavor

= (Calculations of jet cross sections and jet shapes are now available beyond the
energy loss approach. Comparable déscription of inclusive jet suppression to the
energy loss approach. Much improved description of jet shape modification.

= Photon-tagged jets allow us to get insights into the flavor dependence of jet
quenching.

= |mportant topics to be covered at this workshop: fragmenting jet functions, heavy
flavor and heavy flavor jets, precision theory and jet mass distributions



NLL calculation of jet shapes

= We use SCET resummation techniques Wi, ~ By x R
and SCET .

We start form the natural scales that

o . . E Y i
eliminate all large Ic_)garlthms in the d{;I (1) _ T () 8 0o aE
fixed order calculation and evolve to a np i H

I ngr A [ UJQ t-c E E |

common scale [resumming In(r/R)] W = | —CuTeusp(a) n 22 50000, | J85 ()
n jL 1L
Leusp(as) = (Z—;)To + (%)21_1 +--, Order | eysp v 3
m Toresum the v(as) = (%)th (%)2,\1 4. NLL | 2-loop | 1-loop | 2-loop
= o
jet shape to
NLL accuracy AL L-loop 2-loop
3 .f(, = l'.—;l(v_.x = %T}'N}' .’jl = —,'1('”)‘ == %(V_QT].'II./' = l(v[.‘Tl.‘lll/'
F('usp I_\() =4 Fl = 1[(% — ﬁ-:)('g — %T];Hl/'
0~ —3C} 0 —Bo




Phase space for the jet energy

distribution

ki =pjtand z(1 — )

g —pf ton = To first non-trivial order, the
phase space for the jet shape
contributions is tractable

Y.-T. Chien et al. (2014)

» Define a jet energy function

To(Brp) = 3 (00%0(0) [ Xe) (Xl (0) 0)6(Er — B<"(Xe))
Xe

= Need the distribution of the average energy Jf (1) = /dE,.E,. J,(E,, 1)

| liat f . U, (r) = <E7>w _ Jfr(#{)/*]w(ﬂ') _ J;‘,E'r(ﬁ")
- ImEgIElEsiUnadel o (ER)w  JSR(u)/Ju(p)  J5R(u)
2 w? tan? L w?tan? L
ZJ9E () = a |aln® 2 + bln 2 1 finite
" 112 112



Solution to the resummed jet shape

= Jet function

iE.; - iE, A (.Uz t-&n‘){? Il
Jo T () = J57 (g, ) exp [—2CiS (pj,., p) + 2A:(pj,, )] 2
Jr

» |ntegral jet shape

JeEr () TP (ug,)
JER(LY TR ()
Y.-T.Chien et al. (2014)

W (r) =

102 CiAr (1jg Hiy)
CXp[—QCVZS(/lJr /l]R) + 2;12 (/l]r /[JR)] X (ﬁ)

w2 tan 5

We start form the natural scales that eliminate all large logarithms in the
fixed order calculation and evolve to a common scale [resumming In(r/R)]



Limitations of the calculation

2007 T T T T T T T 200 T T T T T T T
e 3 50 GeV < pr < 60 GeV o 110 GeV < pr < 125 GeV 7
SO S0k v -
20k " 204 > -
d¥(r) . d¥(r)
dr . ar F - E
15 - nsk * -
] -
12 > 02 N . -
11 01 -
ul ) l)ll nl‘ ( ll. ( 14 ( IS 'l( :‘ lilll) ( ll ( l: ll“! '14 |l< nlf lll‘
7 r

200 v T T T T T T T 200 T T T L T T T T

e T 225 GeV < pr < 250 GeV o s 500 GeV < pr < 600 GeV
SO S0F -

dW¥(r) ) d¥(r) ) -
—dr °fF - 1 “ar " E

15k sk b -
-
*
.
12 = 02k - -
* .
11 01F -1
v

L L L L L L L ' L L L L L L 1 AL L
0.0 0.1 02 03 04 05 L6 L7 0.0 ol 02 13 14 15 06 07

7 r

= Deviations at large R and/or small energy



NLL calculation of jet shapes

= We use SCET resummation techniques and iip 7 Ey X R
SCET¢
E) JEr (1)) J., (1 JEr (1 W, ~ Eyxr
U, (r) = (Er) _ Y (1)) Jw(p) _dJdy ()

(Brdo  J5R(u)/Ju(p)  J5"(m)

The jet shape is a a ratio of 2 jet energy functions . The measured jet energy
functions are obtained at 1 loop. We start form the natural scales that
eliminate all large logarithms in the fixed order calculation and evolve to a
common scale [resumming In(r/R)]

s () ] , o 1
Sv,pu) = — / da-rc}bp(a) / ,.da

Jao(v) Bla)  Ja.w) B) :
(v,p) = 3(a) , Ar(v,p) = — » da Ba)

Y.-T.Chien et al. (2014)
TP () i (wg,)

W

TRy TR

) / 2 C 41‘(#]3 i)
Ul (r) = exp[—2C;S (1, pin) + 24: (1, 11ig)] X (JFQR)

: ()2 Fad
Hip w* tan”® 5



NLL results in p+p collisions

= We derived the algorithm I T NLLcone |
dependence of the jet shapes 123 ‘ NLL anti-kq
(anti)k{/cone 2‘0 -0
= Significant improvement over Lo ¥
fixed order calculation Vo —
arXiv:1405.4293
0.2 =
» The calculation does not include oxf e CHbdetaRmes
initial-state radiation/beam 000 005 010 0I5 020 025 030
functions and hadronization r
offects 90— S —
= Power suppressed but visible at sor=4 ‘ ; <fT; v o
the tail of the distribution and i 2°f "1, M=
ower p, S -,
.
02 L »
Y.-T.Chien et al. (2014) oo "]

See talk by Chien in this conference S



Examples of effective field

theories [EFTs]

A
| " Full = Simple but powerful idea to
DOFInFT ..
Theory concentrate on the significant
Q _ degrees of freedom [DOF].
: Effective : :
DOF in EFT Manifest power counting
Theory
Q powercounting DOFinFT DOFinEFT
Chiral Perturbation Theory (ChPT) A p/\ q,g IK,TT

Heavy Quark Effective Theory

(HQET) Mb /\QCD/mb LI)’A hV,AS

Soft Collinear Effective Theory
o Q  re YA EAA



lll. In more detalil: the jet

scattering kinematics

= What is missing in the YM Lagrangian is the interaction
between the jet and the medium

= Kinematics and channels
t —jet broadening and energy loss
s—isotropisation

u — backward hard scattering

* Fully dynamic medium recoil,
cross section reduction (5% —
15%). Completely dominated
by forward scattering

do do  Ca(R)Co(T) |v(qr; E, m1,ma) -

aa d*q, da

' TR |
|| .‘2“ :'-'

G. Ovanesyan et al. (2011)

T 1 T 1T T
%
2 o 10
2 3 /s
o o} 0 _# 3
Q ~ . 10 =
w EN e —— = -
[} Ny ,—"“' é
7] o 3
Z2 N 10 o =
< = “ E=10Gev 5
3 vV 10* Coupling constant g=2 —

do/dQ [mb]

m,=1 GeV
-~ m,=10 GeV
m,=100 GeV
- m,=1000 GeV




lll. Main results: jet broadening

= Jet broadening and its i, Gy et el (Zoe)

gauge invariance p
p <::::) ----- -

A" =@ R

«

-
-

To
(e _ . — A _ , . ~ — —
AV =@Q— — A= @—T . .
To b a1 Z tar @ Classes of diagrams (single Born,
@1 ®1 @2 double Born). Reaction Operator

= General result. Will evaluate the broadening (or lack off) of jets
dN ) ( ) " L 12 p 1 lo.i(z;) = y {IN(O)( '
’ (p1) _ H / L [ 2 K T:I i) (t,—QLz-Vpl> _82qy) | (PL)
d*p | L Sy A o(z;) d*qy d*p |

* |nspecial cases such as constant density and the Gaussian approximation

9
2

Starting with a collinear beam of quarks/gluons dN(p,) 1 e Ixa%e

L
we recover M. Gyulassy et al. (2002) d’pr 2w xp*é X=7




I11. Main results: In-medium

splitting / parton energy loss

2
dN o : :
o~ < N "r<+ @ < Gluon splitting functions factorize
’ : form the hard scattering cross section
i i i i only for spin averaged processes
ok n + @ .
+ 2Re ':.; X uL‘—<

o

k/" Ky a y 1, a
. . . . . (0) _ R / P 0) - P
Altarelli-Parisi splitting * “@—— [“‘5)@ - }

. a1 . pa n
G. Altarelli et al. (2978) Ly (k) = 4T T e
0 0 L, a //,t, k/l
= Note that a collinear Wilson e/ /k /
. . 1 P (1) — ot > > P gl) = > % > P

line appears in the R, gauge A -@—— Lo 4 O ——1 @ »

©1 ®1
. /,,Ll,, a 7/%

Single Born diagrams @t @

To b @ T A T

®1 ®1




I11. Main results: In-medium

splitting / parton energy loss

Double Born T e I fa fe 7R fala
diagrams

To tar 4 1(11 Tth o %q1 ! g2
R X2 ®1 ®2 ®1 @2
G. Ovanesyan et al. (2011) e/ k/:"'#’a o
S 4P - @t @ a0 @
- . o T4 1 Qg2 o * q f q2 ro T q1 q2
e lig tcone b, &, by by & s
gauge
(z+,00,00) (=+, 00,00) (2+,00,00)

(z*,00,x1)

T, )(11) nktgt C v(Pres) 1 1
I qt+ie qt—ie

rule A. Idilbi et al. (2010)

(2+,oc',XL)

= New Feynman



lIl. Numerical examples

» Leadingintensity term

102 E T T LI B B B | T T T T T T T T3
F 3
L=5 fm, p=0.75 GeV. & =1 fm. o, =0.3 i
1
(=3 1l l
= 10 —_———— =
2 — .
P T~ - -
> =~ - / :
> N /
S = /
= .0 =
10 . =
- 3 3
[ —— No cuts, no recoil, analytics §\\ - 4
T — — No cuts, no recoil. numerics - - 7
No cuts, no recoil. amall x approximation, analytics S N
T — — No cuts, no recoil. amall x approximation, numerics ~ \'
-1 N PR P s PR S S | PR S S S S
10 3 -2 -1 0
10 10 10 10
X

= Sub-leading intensity term

0
10 E T — T T — T
F L=5 fm, u=0.75 GeV. A_=1 fm, o =03 ]
10'1 - —— No cuta. no recoil. analytics +
o F — — No cuts, no recoil. numerics /:
o = No cuts, no recoil, emall x approximation. analytics
0 T — — No cuts, no recoil, small x approximation. numerics / T
- L .
= a2 S A
S - 73
- — e ————
: —— e ————
-
B2 o
3 I —
107" E
-3 | |
10 -3 1 1 1 1 1111 4: 1 1 1 1 11 11 41 1 1 1 1 11 11 O
10 10 10 10

s Kinematic effects

1
10 F . T T —— g
—_— L=5 fm. u=0.75 GeV. A_=1 fm, o, =03 ]
oL
g 10 F
A E
Ac
>
ke
=
3 A No cuts, no recoil
=~ 10°F qmn‘:(EnplZ]m, km=E0(x(1~x))'Q, no recoil
[ — qmm=(2EOu,ll‘:. Ko =Eqx(1 -x))'. no recoil
| —— Full kinematics cut, no recoil
—— Full kinematics cut, recoil m_=1 GeV
': 1 1 1 1 111 II 1 1 1 11 1 11 l 1 1 1 1 1111
10 " 3 ) 1 0
10 10 10 10

X

m  We have theoretical control over

the in-medium splittings

» The large-x and kinematic effects

are of the same order

= Will be incorporated in future

phenomenological applications



V. QGP - modified jet shapes

S (Er)iO(r — (Rier):) = Surprisingly, there is no big difference between

TinriB) = S B OB = (R the jet shape in vacuum and the total jet shape
S R) = din (; R) in the medium
ar = Take a ratio of = - v———
: : =0. LI Complete ealistic
10 p—r——r——————— the differential Case
E -0 — Medium 3 . <r/R> E.=
[ (= R=04 . Jet shapes R>E=20GeV | 041 0.45
1 = Ny = — = <r/R> E{=50GeV 0.35 0.38
ﬂo GeV =X <t/R>,E;=100GeV | 0.28 032
10 b4 —— \!_ ‘ — <r/iR>E;=200GeV | 0.25 0.28

(/R)
ﬁ
| % / _
(D
< /
i /
— |
/
/
[ |
{
/ |
|

1 ' 1
b =3 fm, Pb+Pb at the LHC A
= » FOF /N A
= ) 1 R=04 Y -
- W —T——"T——"1—1 /-
)] o A _
= -y Total
o 1k = I
© 1 E \—\,\’s
> - -~ -
>- 100 GeV ~— I ]
10 ~————+—F+—+—14 1 -
F 3 L —_— - B =20 GeV ]
[/ 1 = 05F | |Less cins EL=50GeV | -
1 EX \—\—\’\’: | reliable — = 100 GeV

: = 025 | ——— .—. E.=200GeV| ]

F | 200GeV T == 7 ; . ~

I S S S T S S S . = % ' 0.25 ' 0.5 0.75 1

R | | . Vitev et al. (2008)



lIl. Why are Mach cones initiated by

jets unlikely

de|x_| g de|x_| g
= b =0.08, 6=0.1, t = 5[fm] s b =0.08, /=0.7, t = 5[fm]
mD*7T s mD~7T ¢

x [fm] x [fm]

= Anindividual parton (or a collinear system) can produce a Mach cone on
an event by event basis. Multiple events will reduce the observable effect

|. Vitev (2005)

= Typical medium-induced shower multiplicities are N9=4 (quark) and N9=8

(gluon) and emitted at large angles ~ 0.7 (much larger than in the vcuum)
= Each parton quickly becomes an individual source of excitation and these
multiple sources wipe out any conical signature



V. Resummation, RG equations

and Higgs production at the LHC

= SCET is very effective in resumming in large infrared logarithms
using Renormalization group equations

90 | . . . .

o 80 k Vs = 14 TeV
General structure of Sudakov logs g = — 70 | MSTW200SNLO  fixed order
N 60

(7 - L= 1()0'< # ) B’ %
C(n-p,p) =14as[L9+HLH 1] — %5 \Fp © 40
30
Ha[LA+|LP |+ L2 + L+ 1] 20 ¢
10 |
0:

"‘”fu(j 4+ L5 1+ L’l un L3 + L2 + L+ 1] 100 120 140 160 180 200

mpg (GeV)

MSTW2008NNLO _

MSTW2008L

LL NLL o

7 (ph)

= [t can improve upon traditional w0 |

. E MSTW2008NLO
teChnquES, SUCh as CCS 10 | MSTW2008LO -
0100 120 140 160 180 200

mpg (GeV)

J. Collins et al. (1985) V. Ahrens et al. (2009)



V. Factorization in SCET and

angularities

= Factorization theorems have been proven in SCET for a number
of observables: event shapes [e*e’], Higgs [pp], top [e*e] ...

 Anqularity observables: generalization of 1 e
J Y 9 Ta = (—22‘])/‘6)(1)(—7};(1—(1,))

traditional event shapes
—o0 < a < 2

C. Berger et al. (2003)

* Factorized in hard function,
jet functions and soft

function

1 do ' ,
— = /(]6‘,, Jn(en)dernJrn(€en)

oo de

C. Baver et al. (2008) A. Hornig et al. (2010)




Splitting functions and the

parton shower

= Making the connection to the standard LO, NLO, ...; LL, NLL
... pQCD approach (higher orders and resummation)

- Need to understand the > medium
process-dependent

contributions T P

- Need to understand the £ NLO

dependence on the o

properties of the nuclear > NNLO

medium

* [n the vacuum O(o.?) splitting kernels

S. Catani et al. (1997)

* |In the medium the full O(c..) known, now
being implemented G. Ovanesyan et al. (2011)

* [n the medium O(o*.) only g2qgg known, M. Fickinger et al. (2013)
computationally demanding .



SCET formulation

Energetic quarks and leptons C. Bauer et al. (2001) 3, Bl & 2ll, (e
collinear modes A2 <

c = yV—> ~ 77 ;A — A2, ]”)\
Include also soft quarks and gluons pe = b pn) ~ (g @) =6 )

ps = (pr,p—p1) ~ (A AA) = QN AN

= SCET Lagrangian to all

Collinear quarks, antiquarks £, E,
orders in A [Can expand to Collinear gluons, soft gluons A, A

LO, NLO, ...]

= The missing mode

X —
h d I'd P rocess ,” ’’’’’ SO I
& U

P

+«— jet (coll. splittings)

f power

corrections

g~ A2, A% ]

A new mode - the Glauber gluon



The vacuum splitting kernels

Qg 1+ (1—x)
m |nthe vacuum we have (ddekJ,Hqg = 5 Cr " R (..., +Ad(x))
the DGPAL splitting IN N U,
kernels that factorize (dxdng = 2W22CA( s T1oa
9—99
from the hard scattering )
cross section and are +a(l - w)) o Gl +Bo(x)
process independent N o
= aSTR (22 4+ (1—2)*) =
ded?’k1 ), . 272 k%
Gribov et al. (1972) iN \ [ dN ,
_ (dm koL)q_mq - (d d2k¢>q_>qg (z=1-2)
G. Altarelli et al. (2977)
~ 1-X . » < 5
Y. Dokshitzer (1977) - ‘{ - k:d ':q'a'b’n'*:;; "‘a'n'n"n‘<
m N b
Reversed convention
= Thesingular pieces A, B can be .
P, xIr d = 0,
obtained form flavor and Jo el
momentum conservation sum rules 1 _ |
= Can be re-derived using SCET. Use A [Faq(%) + Fog(z)] (1 — ) dz =0,

only the collinear sector 1
/ 2nsPye(x) + Pye(x)] (1 — z)dx = 0.
JO
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The soft-gluon energy loss limit

Take the small-x soft gluon emission limit

N . C 1 O A 1 d medium
" (d_) _ (){_2 F[ + (QL')] / dAz /d2kj_d2qj_ 0€l2
dx { q—qg } ™ | Call + O(x)] Ag(2) Ot d°qL

g —499

M Gyulassy et al . (2000) 2k -q1 (kL —qu1)?
X K2 (k1 —q.)? [1 — COS chg Az] :
dpP
X4 (a=99) The result reduces to the GLV energy-

loss differential intensities

= Only 2 medium-induced
splittings survive

= There is no flavor mixing

= Results can be interpreted as

/ energy loss

Finite x analytical

""" Finite x numerical
SGA analytical

""" SGA numerical

L L L L L \
%
0005 0.010 0.050 0.100 0.500  1.000



Medium-modified evolution of the

fragmentation functions

Using the same techniques. The vacuum and the medium
induced evolution factorize

din D (2, Q) - N )
/ _ ! !
e =) -0 [ e ol - [ e 60,

me —2CR%s |In £ z)—In(1-z
h/cd(ZQ)_GQRW{ Gl -00-9m0=) o

Xe_ _1]{f01—z dz’ Z/f dQ/ dz/dQl< Z.Q />}_f11—z ds! f dQ/ dz/dQ/ /,Q/)

[ = Dh/c(z,Q)e_[”(z)‘m%ﬁ‘wbﬂ. }

The main result: direct relation between the evolution and
energy loss approaches first established here

AE 1-2 AN ., =z 4N AE
<E> :/ dzz/ dez’dQ’( Q):/O dzzE(z) _>Z_>O<7>’

/ ! /dN !/
/1 zdz /0 1< dz’dQ’ /1_2 e Rl c| Ovanesyan et al. (2014)




Numerical results: E-loss vs analytic

evolution in the soft gluon limit

= The energy loss approach

Note that we have ignored other nuclear matter effects: Cronin effect, cold
nuclear matter energy loss, power corrections/shadowing. At the LHC final-

state effects dominate

. . — — Soft gluon energy loss, g=2.0 .
i 1.5 || T T T || T — - Soft gluon energy loss, g=2.1 MC COde was ertten by our
125 B | — Soft gluon analytic evolution, g=2.0 . . |
1.2 o L i — - Soft gluon analytic evolution, g=2.1 summer VISItOI’ tO eva Uate
T | g @ ALICE ch. hadron R, ,, 0-5% _ : e
L mms__lg __________ | Cusen radron 0 the e-loss/medium splittings
o5l Lo 111y ]
— 0 10 20 30 40 50
< 0.8 p, [GeV] -
< T : : :
=06k —— The coupling between the jet
: = r— and the medium can be
0.4 2 | constrained to 5%, The

scattering cross sections/
Central Pb+Pb, s"°=2760 GeV | properties of the medium to
O 1 | 1 | 1 | 1 | 1 20% (~g4)
0 20 40 60 80 100
p; [GeV]




Numerical results: full-x vs small-x

evolution

= Implement the fully numerical solution of the DGLAP evolution

equations
T T T — —— Full evolution numerics, g=1.9
LS—Tr—7—T—T7 T 7 71 — - Full evolution numerics, g=2.0
125 B ] — Soft gluon evolution numerics, g=1.9
12 70 e _ — - Soft gluon evolution numerics, g=2.0
B é ———————— ——— m ALICE ch. hadron R,,, 0-5%
1 oL/ ] @ CMS ch. hadron R,,, 0-5% - Th e Cou p | in g
[ 0'50_'1|0'2|0'3|o'4|0';0 | bet the jet
’Q_T—O.S— 2 (Gov] | etween eJe
:: and the medium
c 0.6
: can be
0.4 :
_ constrained to
0.2F
| Central Pb+Pb, s'°=2760 GeV  _ the same
1 1 1 1 1 1 1 1 1 - 0
OO 20 40 60 80 100 accura Cy 5 A)

p; [GeV]



Future directions

"Modified” fragmentation 10T T 7T
: Q =40 GeV
M~
functions ! Gluon fragmentation
: 10 £ Significant
- Eomlnated_by quark” - differences
ragmentation, sm o T
agmentation, sma N 102k Cental Pb+Pb |
differences, inclusive NI T < PIN
o - s =2.76TeV NN
measurements " I \
~ -3 | A | A | I 1
~ 10,
: : : T 10 Q = 40 GeV
= Points the directions N -
where significant :
improvement can be
. . | —— Full evolution, numerics
eXPECted — |0n9|tUd|na| i Soft gluon evolution, numerics
and transverse structure ... Soft gluon analytic evolution :
. . — — Soft gluon energy loss \
of jets, tagged jets and Al

L L I L I L
1007 02 03 04 05 06 07 08 09

hadron parton
T / pT

dijets

Z=p



Traditional E-loss — successful but

open questions remain

= While still LO, it predicted in 2002, 2006 —the R, , at high p-
for both RHIC and LHC

10 g

0.01

—— dN°%/dy=200-350
SPS —— dN“/dy=800-1200
m PHENIX =’ (130 AGe
—— dN°%/dy=2000-3500
¥ PHENIX =° (200 AGe
#* STAR h”™ (200 AGeV)

T AAdep

e WA98 ’ (17.4 AGeV)

" Au+Au at s °=17, 200, 5500 AGeV ]

v) |

V)

é | LI II:llO
p; [GeV]

100

Include the quenched parton and the
radiative gluon fragmentation

= Difficult to make connection to the
standard LO, NLO, ...; LL, NLL ... pQCD
approach (higher orders and
resummation)

* There is considerable model dependence
and it is difficult to systematically improve
this approach

. V., M. Gyulassy (2002)



Evolution and resummation of

large logarithms

= Collinear splitting kernels

(l(l\fl. ) _ Gl L s L gy
axrc 1/ g—qq v 1

rea Ve 1 —a 1
ngl(I)—ZCA< - 1_1*1(1—1]>
Preal(z) =Tg (2® + (1 — 2)?)
rea 1+ IQ
Preal(z) = C —
Gribov et al. (1972) G. Altarelli et al. (1977) Y. Dokshitzer (1977)

dDSﬁI(Q@_a Q)/ d' Qﬁqa( )DhQ( Q)+Pﬁqq( )Dhq(“ Q)}

q

dinQ
= Yield LLA or MLLA (LL")




Numerical NLL results in p+p

200mmmm 777 T
= We derived the 100 " NLL cone
algorithm sol . NLL antick;
dependence of the Lo
. . 2.0
jet shapes (anti)k; vs ‘
cone () 'O :
0.5~
. . arXiv:1405.4293 ¢
= Significant 02} .
improvement over 01 o MSdataReo3 ]
fixedorder L j—
Ca|CU|ati0n 0.00 0.05 0.10 0.15 0.20 0.25 0.30
r
= For large radii (0.7)
works less well —
(hadronization et al.) Justtshowthat = )
also for smaller the fixed orderis "t | R
energies divergent m

J1....1....1....1...A|.L..A....|'
0.00 0.05 0.10 0.15 0.20 0.25 0.30



Jet shape modification in heavy ion

1.6 — T T T T .

v—sNN _ 2,76 TeV | === CNM only ] = |Improvements relative

. =0.3,0.3<| n|<2 | _

R oy | MR l to the traditional E-loss
o Cer;rahty o-10% } | approach are indeed
- i : { significant

08 = CNM effects do not play

06 CMS a role in intrajet (or jet

0'4(;.(‘)0‘ " o0s o010 o015 o020 o025 ‘0.‘3;) Correlation ObservableS)

| r = Jet quenchingalone

ool e St el (aeits, leads to narrowing of

I the shape.

o m¥f = The broad parton
LY . ow shower leads to
=0 : enhancement in the

osf- |.V. et al. (2008) :

: : periphery




